To design ionic liquids (ILs) as effective liquid absorbents for CO 2 separation from flue or synthesis gases, it is necessary to know the properties and phase equilibria of the CO 2 /IL systems. The molar volumes of CO 2 /IL mixtures are predicted with the heterosegmented statistical associating fluid theory equation of state. The comparison with the available experimental data shows that the model can be used to predict reliably the molar volumes of CO 2 /IL mixtures from 293 to 413 K and pressures up to 160 bar. In addition, the partial molar volume of CO 2 in CO 2 /IL mixtures and the partial molar volume of CO 2 at infinite dilution in an IL are also predicted.
Introduction
Ionic liquids (ILs) have been the subject of increasing attention due to their unique physicochemical properties such as high thermal stability, large liquid range, high ionic conductivity, high solvating capacity, negligible vapour pressure, and nonflammability that make them ideal solvents for green chemistry. ILs also offer significant cost reduction and environmental benefits because they can be used without losses, in contrast to the volatile organic compounds used nowadays. ILs are often referred to as designer solvents because the cation head, anion, and alkyl chains of an IL can be selected from among a huge diversity to obtain an appropriate IL for a specific purpose.
ILs have shown great potential to be used as liquid absorbents for CO 2 separation from the flue or synthesis gases. To design an effective IL, however, it is necessary to know the CO 2 solubility in IL and the other properties of CO 2 /IL mixtures in the liquid phase, such as molar volume (or density), partial molar volume, and partial molar volume at infinite dilution; the partial molar volume of a gas at infinite dilution in an IL is required to describe the influence of pressure on Henry's constant. A growing number of experimental gas solubility data have been reported while the molar volume data have been rarely reported so far [1, 24, 30, 31] .
Several thermodynamic models have been proposed to represent the molar volume and phase equilibria for pure gas in IL. Vega et al. [32] summarized the work and pointed out that the statistical associating fluid theory (SAFT) equation of state (EOS)-based models were preferred because of the physical background. Recently, SAFT EOS has been extended to describe the gas solubility in ILs [33] where an IL molecule was modelled as a neutral ion pair with one set of parameters or a combination of cation and anion [34] . In the models of hetero-nuclear square-well chain fluids [35] and group contribution equation of state [36] , the imidazolium ringanion pair was modelled as one segment or functional group. As can be concluded, all of these models utilize model parameters that are not completely transferable. Meanwhile, the partial molar volume at infinite dilution and molar volume are seldom investigated and then verified with the available experimental data. Therefore, it is highly desirable to have a model that can predict/represent the phase equilibria and molar volumes, including partial molar volumes, for gas-IL mixtures with transferable parameters. Such a model will enable us to show the effects of alkyl substituents, cation head, and anion of ILs on the phase equilibria and properties of ILs. This could be done by using, for example, a heterosegmented SAFT EOS or group contribution SAFT EOS.
Group contribution SAFT EOS has been developed by different research groups [37] [38] [39] but has not been extended to IL-related systems yet. On the other hand, in our previous work, the heterosegmented SAFT has been developed [40] and extended to represent the densities of pure IL and the CO 2 
Molecular model and theory
The detailed description of the molecular model and theory are given in our previous work [41, 42] , and only a brief summary is given.
Theory
The IL molecule is divided into several groups representing the alkyls, cation head, and anion. The cation of IL is modelled as a heterosegmented chain molecule that consists of the cation head represented by one effective segment and groups of segments of different types representing different substituents (alkyls). Each group has five parameters, i.e., segment number m, segment volume v oo , segment energy u/k, the reduced range of the potential well , and group bond number n B , which is the effective number of bonds contributed by the group and used to calculate the bond fraction in the chain term. We note that our description of the cation head in our previous publications [41, 42] was not accurate. In fact, the cation head is a short chain with an effective number of segments of one. Unlike cation, the anion of IL is represented by a single spherical segment, not a chain molecule, and thus its group bond number is zero (no chain term for the anion).
To account for the electrostatic/polar interaction between the cation and anion, the cation head and anion each have one association site, which can only cross associate to each other. Two additional parameters, i.e., the well depth of the association sitesite potential ε and the parameter related to the volume available for bonding Ä are used to describe this cross association [41] . CO 2 is modelled as a molecule with one type of segment having three association sites, two sites of type O and one site of type C, where sites of the same type do not associate with each other [42] .
For the CO 2 /IL systems, we assign another type of association site in the anion of IL and allow cross association between this association site and site of type C in CO 2 to account for this Lewis acid-base interaction. Since the available experimental data [43] reveals that the content of IL in the vapor phase is very low at the temperature and pressure of interest, in this work we assume that IL exists only in the liquid phase [42] .
With the framework of heterosegmented SAFT, the dimensionless residual Helmholtz free energy is defined as follows:
where the superscripts on the right side refer to terms accounting for the hard-sphere, dispersion, chain, and association interactions, respectively. The detailed expressions required for the individual terms in Eq. (1) are given in Refs. [40, 41, [44] [45] [46] and summarized in Appendix A for completeness.
Model parameters
All of the needed model parameters were obtained from our previous works, as briefly described below. In this work, these parameters are used without any adjustment.
Parameters for pure CO 2
The parameters of pure CO 2 were fitted to its vapour pressure and saturated liquid density from 218 to 302 K [42] . The parameters fitted are listed in Table 1 .
Parameters for pure IL
The parameters of alkyls were estimated directly from those for n-alkanes [44] . The segment number and bond number were calculated from m = (n + 1)/3 and n B = (2n − 1)/6, respectively, and the Table 2 Parameters v oo , u/k, and for alkyls [41] . [41] . The parameters fitted are summarized in Table 3 . As shown in Table 3 , the cation tends to have a large value, while anions tend to have small values. In fact, we did not expect the cation to have a large value because we did not explicitly treat the long-range electrostatic interaction in our model. However, it is interesting to note that the same trends were also observed in our previous works on inorganic salts [44, 47, 48] .
With the fitted parameters, the densities of 4 ], and [C n mim][PF 6 ], in which n ranges from 2 to 8, were compared with other available experimental data, and the model was found to well represent the densities of these ionic a These constants are used to calculate the temperature-dependent segment energy of cation head and anion:
Table 4
Parameters fitted for (CO2 + imidazolium-based IL) [42] . liquids from 293.15 to 415 K and up to 650 bar, and well capture the effects of temperature, pressure, and alkyl types on densities [41] .
Cross parameters between CO 2 and IL
To describe the CO 2 solubility in the imidazolium-based IL, temperature-dependent cross parameters were allowed to adjust the dispersion energy between segments of CO 2 and cation head (k CO 2 -cation head ) or anion (k CO 2 -anion ), while temperature independent cross parameters were used to adjust the dispersion energy between segments of CO 2 and alkyl (k CO 2 -alkyl ) [42] . The binary interaction parameters k CO 2 -alkyl , k CO 2 -cation head , and k CO 2 -anion along with the cross association parameters ε L and Ä L were fitted to the CO 2 6 ] from 283 to 415 K and at both low pressures and elevated pressures up to 200 bar [42] . The fitted parameters are listed in Table 4 .
It is worth mentioning that for any heterosegmented model, the number of parameters seems to be excessive, but we need to realize that those parameters are transferable. In this work, the number of parameters to describe a group of ionic liquids is in fact smaller than those of homosegmented models. For example, let us consider all ionic liquids that can be formed by combining 1 cation head, 3 different anions, and 4 different alkyls. The number of ionic liquids is 1 × 3 × 4 = 12 and in our heterosegmented model, the number of parameters needed to describe this group is 1 × 8 (cation head) + 3 × 6 (anion) + 4 × 3 (alkyl) = 38. In a homosegmented model that requires only 5 parameters to describe an ionic liquid, the number of parameters needed for that group would be 12 × 5 = 60, which is far exceeding that in our model. The same for the constants of the binary interaction parameters in this work, they are transferable to any ionic liquid having that alkyl/cation head/anion.
Results and discussions

Molar volume
The molar volume V, cm 3 /mol, for the systems of CO 2 -imidazolium-based IL has been measured by several research groups. Blanchard et al. [24] Fig. 3 . At 333 K, the experimental data are from three sources [1, 30, 31] and there is some inconsistency among these sources, while the calculation results agree well with the experimental data of [30] . At other temperatures (293, 298, 313, 373, and 413 K), the calculation results agree well with experimental data throughout the whole pressure range.
The calculated and experimental molar volumes for 4 ] at 298, 313, and 333 K are depicted in Fig. 4 . At 313 K, the calculated results agree well with the experimental data, while at other two temperatures, the calculated results are not as good as that at 313 K. The calculated result is slightly higher than the experimental data at 298 K, while it is lower than the experimental data at 333 K in a certain pressure range. As we know that when the pressure goes to zero, the solubility of CO 2 goes to a very small value or zero, and the molar volume of the solution reduces to that of pure IL. From Fig. 4 , we can see that the predicted molar volume of pure IL is also lower than the experimental data, and that may be one of the reasons for the discrepancies between the experimental and calculated molar volumes at 333 K for this system.
For CO 2 -[C 4 mim][PF 6 ] system, the comparison of the prediction is illustrated in Fig. 5 , in which the experimental data are from Aki et al. [1] and Blanchard et al. [24] . As shown in Fig. 5(a) , at 298 and 333 K, the predicted results agree extremely well with the available experimental data, while at 313 K and high pressures, the predicted results are slightly higher than the experimental data. It was stated in [1] that at 313 K, the uncertainty of experimental data at high pressures could be ±9 − 12 cm 3 /mol, which was much larger than that at low pressures and at other temperatures. The uncertainty for most of the other data points was less than ±4 cm 3 /mol.
For CO 2 -[C 4 mim][PF 6 ] system, it has been stated that the CO 2 solubilities from Blanchard et al. [24] are not reliable [1] , but no discussion on the corresponding molar volume data. From Fig. 5 , it can been seen that the experimental molar volumes from Blanchard et al. [24] at 333.15 and 313.15 K are much lower than those from Aki et al. [1] and the predicted results of this work. At 323.15 K, the experimental data are also lower than the predicted molar volumes. Therefore, we can conclude that the molar volume data from Blanchard et al. [24] are not reliable either.
The comparison of the predicted molar volumes to the experimental data from Blanchard et al. [24] 4 ] is shown in Fig. 6 . The agreement is not good for both systems. Since no other experimental molar volume data is available, we cannot verify which is unreliable, the experimental data or the predicted result.
Partial molar volume
Experimental research has revealed that the partial molar volume of CO 2 in an IL is much smaller than that observed in most solvents. In this work, the model is used to predict the partial molar volumes of CO 2 in CO 2 /IL mixtures. There are two options that can be chosen for calculating the partial molar volume of a component in a binary mixture, i.e., using the fugacity of that component at constant T and x (method 1) or using the molar volume of the mixture at constant T and P (method 2). In method 1, the partial molar volume of component i at any composition is calculated from:
wheref l i is the fugacity of component i in the liquid phase, and the derivative term is calculated numerically, i.e.:
whereˆ l i is the fugacity coefficient of component i in the liquid phase, R is the gas constant, T is the absolute temperature, and P is the pressure in bar.
In method 2, the partial molar volume of component i at any composition is calculated from:
where x i is the mole fraction of component i, V | x i is the molar volume of the mixture at that composition, and ∂V/∂x i is the first derivative of V with respect to x i evaluated at that composition, which is also calculated numerically, i.e.:
To calculate the partial molar volume at equilibrium, the equilibrium composition is calculated at a certain temperature and pressure first, and then the partial molar volume is calculated at a certain temperature, pressure, and equilibrium composition.
Theoretically, both of these two methods can be used to predict v l i . However, for method 1, a small difference in the derivative term will cause a large difference inv Table 5 , it is obvious that P ≤ 1.0 × 10 −5 P cannot be used in Eq. To investigate method 1 further,v 6 ] is calculated throughout the whole temperature and pressure range studied by Aki et al. [1] using different values of P (1.0 × 10 −2 P, 1.0 × 10 −3 P, 1.0 × 10 −4 P, and 1.0 × 10 −5 P). Again, the difference in ∂ ln(ˆ l i )/∂P is small, but the difference inv l CO 2 is significant, especially in the lower pressure range. Moreover, thev l CO 2 calculated using method 1 with P = 1.0 × 10 −3 P extremely agrees with that calculated using method 2 as shown in Fig. 7 .
Based on the above comparison, we recommend to use method 2 to obtainv l , and this method is used for the rest of this work. In the case where method 1 is chosen to obtainv l , we should be very careful about the choice of P. By using molecular dynamics simulations,v
at a concentration of 10 mol% CO 2 was predicted to be 33 cm 3 /mol [49] . In the same work, it was also mentioned that the partial molar volumes of CO 2 at CO 2 mol fractions below 0.49 were estimated using the experimental data and found to be nearly constant at 29 cm 3 /mol. For the same system, thev Table 5 .
The prediction of the partial molar volumes of CO 2 in [C 4 mim][PF 6 ] at the specified conditions and composition in this work are higher than that predicted with molecular dynamics simulations, and higher than those estimated from experimental data. However, we should mention that the molar volumes for different systems predicted in this work agree with the experimental data from different sources, as shown in the previous section. (14) with P = 1.0 × 10 −3 P; -, calculated using Eqs. (15) and (16). 
Partial molar volume of CO 2 at infinite dilution
The partial molar volume of a gas i that is dissolved at high dilution in a solvent is needed to describe the influence of pressure on Henry's constant, and it is defined as:
where V is the molar volume and (∂V/∂x i ) T,P | x i =0 is calculated by using the forward finite difference, i.e.:
The predictedv is usually derived from volumetric measurements. However, volumetric data are rarely obtained. Moreover, the measured volumetric data are those under equilibrium conditions instead of at constant temperature and pressure, i.e., the available experimental volumetric data are those measured at a certain temperature, pressure, and the corresponding equilibrium composition or at a certain temperature, composition, and the corresponding saturated pressure. Based on the measured volumetric data under equilibrium conditions and the assumption that the effect of pressure on volumetric data is negligible,v ∞ CO 2 in [C 6 mim][Tf 2 N] was estimated by Kumelan et al. [30] and also listed in Table 6 for comparison.
There are some discrepancies between the results derived from experimental volumetric data and those from the model prediction. To find out the reasons, the predicted and experimental volume V (volume of solution per one kg IL, cm 3 /kg IL) as a function of molality of CO 2 at equilibrium pressure is depicted in Fig. 8 . In the work of Kumelan et al. [30] , thev
was the slope of the fitting linear curve to the experimental V vs. m CO 2 data at each temperature. Fig. 8 shows that the predicted volume V is lower than the experimental data at each temperature, while from Fig. 3(b) it is shown that the molar volume prediction is consistent with experimental data at different temperatures and pressures. These observations imply that there are some discrepancies between the equilibrium composition predicted with the model and that measured experimentally at a certain temperature and pressure. Thus, the discrepancy inv Table 6 is partly due to this reason. Furthermore, the assumption that the pressure effect is negligible in obtainingv
from the experimental data and the inaccuracy in predicting the volume of pure IL from our model could be other reasons to cause the discrepancy. Thev
in other ILs of course can be predicted with the model. However, there is no experimental data available, and the comparison cannot be performed.
Conclusion
Heterosegmented SAFT EOS is used to predict the molar volumes of CO 2 /IL mixtures. The comparison with the experimental data shows that the molar volumes are predicted reliably from 293 to 413 K and pressures up to 160 bar. The partial molar volumes of CO 2 /IL mixtures and the partial molar volumes of CO 2 at infinite dilution in an IL are also predicted and compared with those estimated from volumetric data or that predicted using molecular dynamics simulations, but due to the scarcity of the available data derived from experiments, the model prediction cannot be verified rigorously.
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Appendix A. Heterosegmented SAFT EOS
where the superscripts on the right side refer to terms accounting for the hard-sphere, dispersion, chain, and association interactions, respectively. In the expression of each term below, for CO 2 /IL systems, the word 'component' refers to CO 2 , anion, or cation of IL.
A.1. Hard-sphere termã hs
The hard-sphere contributionã hs in heterosegmented SAFT is given by [40] 
where N Av is the Avogadro number, m is the molar density, and
where X i is the mol fraction of component i, m i is the number of segments of component i, ˛i s the diameter of segment˛, and xį s the segment fraction defined as x˛= number of moles of segmentsn umber of moles of all segements (A4)
A.2. Dispersion termã disp
The dispersion term is calculated from [40, 44, 50, 51] :
where k is the Boltzmann constant, T is the temperature in Kelvin, and
where˛andˇare the segment types, and a 
In Eq. (A7), ˛ˇi s the distance between centers of segment˛anď at contact, u˛ˇis the well depth of square-well potential for thę -ˇinteraction, and ˛ˇi s the reduced range of the potential well for the˛-ˇinteraction. The combining rules used for ˛ˇa nd u˛ǎ re
where u˛is the segment energy of segment˛, and k˛ˇis the binary interaction parameter which can be temperature-dependent or temperature-independent, i.e.:
In Eq. (A10), c 1 , c 2 , and c 3 are constants for calculating k˛ˇ.
A simple arithmetic-mean combining rule is used for ˛ˇ, analogous to that for the segment diameters:
where ˛i s the reduced range of the potential well of segment˛. The radial distribution function for a mixture of hard spheres in Eq. (A7) is calculated using Carnahan-Starling's equation but evaluated at the effective reduced variable k,eff :
In the range of 1.0 < ˛ˇ≤ 2.5, the effective reduced variable 3,eff is approximated from:
where
and c ij 's are universal constants listed in Table A1 . In Eq. (A12), the effective reduced variable 2,eff is calculated from: 
The termã t in Eq. (A5) is calculated from:
where D mn 's are universal constants listed in Table A2 , is the close-packed reduced density (=2 1/2 /6), and u/kT is evaluated in the spirit of the van der Walls one fluid theory:
where The molar volume of segment˛(v˛) is related to the segment diameter as follows:
The chain term is calculated by [52] 
and
where g SWˇ( ˛ˇ) is the square-well radial distribution function calculated at contact, andḡ SW 0 isḡ SW evaluated at zero density. The pair radial distribution function for a mixture of square-well segments is determined as follows:
where g hsˇ( ˛ˇ) is the pair radial distribution function for a mixture of hard sphere given by g hsˇ(
and g 1,˛ˇ( ˛ˇ) is the perturbation term:
In Eq. (A23), B˛ˇ, i is the bond fraction of type˛ˇin molecule of component i. The bond fraction of type˛˛in CO 2 is equal to one since CO 2 is a homosegmented molecule. The approach for calculating B˛ˇof the cation chain for imidazolium-based ionic liquid is given in Appendix B.
Table A2
The universal coefficients Dmn in Eq. (A18) [44] . 
A.4. Association termã assoc
The association term is calculated by [41] 
where n( ˛i ) is the number of association sites on segment˛in molecule of component i, and X A˛i is the mole fraction of molecule of component i not bonded at side A of segment˛calculated from:
where n is the number density and A˛iBˇj is the association strength between site A˛at molecule of component i and site Bǎ t molecule of component j given by
where * is the reduced density calculated from: * = 6 ς 0 ˛ ˇx˛xˇ
The pair distribution function in Eq. (A29) is given by the Carnahan-Starling equation for a mixture of hard spheres, i.e., Eq. (A25). The Lorentz and Berthelot combing rules are used for the size and energy parameters, i.e.:
Appendix B. The heterosegmented chain model for imidazolium-based ionic liquid
The chain term for ionic liquid is represented by the heterosegmented chain model, i.e., Eq. (A22), which in turn requires the square-well radial distribution function (rdf) calculated at contact, i.e., Eq. (A23). To calculate this term, the information of the bond fraction of type˛ˇin the cation chain, i.e., B˛ˇ, defined as [40] B˛ˇ= the number of bonds of type˛ˇin the cation chain the total number of bonds in the cation chain
is needed. In Eq. (B1),˛andˇare to represent any two segments in the cation chain.
B.1. Calculation of the total number of bonds in the cation chain
The number of bonds in alkyl is calculated from [41] :
where n is the number of carbons in the alkyl, while the number of bonds in imidazolium cation head (imidazole ring), n B,im was obtained from the fitting of experimental data [41] . Thus, the total number of bonds in the cation chain, which consists of imidazolium head and two types of alkyls, is n B = n B,alkyl 1 + n B,im + n B,alkyl 2 (B3)
B.2. Calculations of the number of bonds of different types
In a cation chain, there are 5 bond types, i.e.,˛1˛1,˛1ˇ,ˇˇ,˛2ˇ, and˛2˛2, where˛1,˛2, andˇrepresent the segments of alkyl 1 , alkyl 2 , and cation head, respectively.
The number of bonds in an alkyl of a cation chain is the sum of the number of bonds of type˛˛and the number of bonds of typęˇc ontributed by the alkyl. The number of bonds of type˛˛is the number of bonds between two alkyl segments and the number of bonds of type˛ˇcontributed by the alkyl is the number of bonds in the alkyl group that is shared with the cation head. Thus, the number of bonds of type˛1˛1 and the number of bonds of typę 2˛2 are calculated from:
n˛1˛1 B
= n B,alkyl 1 − n˛1B ,alkyl 1 (B4a) n˛2˛2 B = n B,alkyl 2 − n˛2B ,alkyl 2 (B4b)
The number of bonds in the cation head is the sum of the number of bonds of typeˇˇ, the number of bonds of type˛1ˇcontributed by the cation head, and the number of bonds of type˛2ˇcontributed by the cation head. The number of bonds of typeˇˇis the number of bonds between two cation head segments, the number of bonds of type˛1ˇcontributed by the cation head is the number of bonds in the cation head that is shared with alkyl 1 , and the number of bonds of type˛2ˇcontributed by the cation head is the number of bonds in the cation head that is shared with alkyl 2 . Thus, the number of bonds of typeˇˇis calculated from:
The number of bonds of type˛1ˇis the sum of the number of bonds of type˛1ˇcontributed by alkyl 1 and that contributed by cation head, and the number of bonds of type˛2ˇis the sum of the number of bonds of type˛2ˇcontributed by alkyl 2 and that contributed by cation head. Thus: n˛1B = n˛1B ,alkyl 1 + n˛1B ,im (B6a)
The number of bonds of type˛ˇcontributed by an alkyl can be derived from the number of bonds contributed by a methylene group (-CH 2 -) in an n-alkane chain because it is this methylene group that is connected to the cation head. In SAFT2, adding a methylene group to an n-alkane chain increases the number of bonds by an increment of 1/3 [41] . That means that the number of bonds contributed by a methylene group is 1/3, and in this case only 1/6 is shared with the cation head. Thus:
The method for determining the number of bonds of type˛č ontributed by the cation head (imidazole ring) is somewhat arbitrary. We choose to exploit the structure of the imidazole ring to obtain a viable rule for calculating this cation head contribution. We assume that each member (N or C element) in this 5-membered ring contributes equally to the number of bonds of the cation head and we do not distinguish between single and double bonds. Since the nitrogen element is the element in the ring that is connected to the alkyl and this element also shares its bonds with two other carbon elements of the cation head, only one-third of the number of bonds contributed by nitrogen element is shared with alkyl. Thus: 
